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Combining first-principles calculations and spin- and angle-resolved photoemission spectroscopy
measurements, we identify the helical spin textures for three different Dirac cone states in the
interfaced systems of a 2D topological insulator (TI) of Bi(111) bilayer and a 3D TI Bi2Se3 or
Bi2Te3. The spin texture is found to be the same for the intrinsic Dirac cone of Bi2Se3 or Bi2Te3
surface state, the extrinsic Dirac cone of Bi bilayer state induced by Rashba effect, and the hybridized
Dirac cone between the former two states. Further orbit- and atom-resolved analysis shows that s
and pz orbits have a clockwise (counterclockwise) spin rotation tangent to the iso-energy contour
of upper (lower) Dirac cone, while px and py orbits have an additional radial spin component.
The Dirac cone states may reside on different atomic layers, but have the same spin texture. Our
results suggest that the unique spin texture of Dirac cone states is a signature property of spin-orbit
coupling, independent of topology.
PACS numbers: 73.20.-r, 73.22.-f, 75.70.Tj
One outstanding property that 3D TIs possess is
the helical Dirac cone surface states residing inside
a bulk gap, in which electron spin is lock-in with
momentum[1, 2]. This spin-momentum locking prop-
erty makes TIs promising materials for realizing spin-
tronic devices, because the electron backscattering is
forbidden for nonmagnetic impurities. Therefore, un-
derstanding the spin texture of helical Dirac cone states
is of fundamental interest with practical implication.
Experimentally, the helical spin texture of surface
Dirac cone state of 3D TIs has been directly detected
by spin- and angle-resolved photoemission spectroscopy
(SARPES) [3–8]. It can also be manipulated through
its interaction with different polarized lights [9, 10].
Very recently, it has been noted that because of the
strong spin-orbit coupling (SOC), total angular mo-
mentum, spin plus orbital angular momentum, should
be the good quantum number in TIs. Consequently,
the spin texture of TIs is expected to be coupled with
atomic orbits in a specific manner [11–13]. Both theory
[11] and experiment [12, 13] have shown some very in-
teresting patterns of radial/tangential spin texture cou-
pled with p orbits in Bi2Se3 family.
Besides the "intrinsic" Dirac cone state of TIs, "ex-
trinsic" Dirac cone state may be generated by Rashba
effect, such as the one formed when Bi(111) bilayer is
grown on Bi2Se3 substrate [14, 15]. Also, when Bi(111)
bilayer is grown on Bi2Te3 [15], a kind of hybridized
Dirac cone state is formed between the intrinsic sur-
face Dirac cone state of Bi2Te3 and extrinsic Rashba
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Dirac cone state of Bi(111). These Dirac cone states
are all associated with strong SOC. However, differ-
ent from the intrinsic surface states of TI, which are
topologically protected inside a bulk gap, the extrin-
sic and hybridized states have no topological origin,
even though they are formed by interfacing a 2D TI of
Bi(111) bilayer[16–19] and a 3D TI of Bi2Se3 or Bi2Te3.
It will be interesting to find out what spin texture such
nontopological Dirac states have, in comparison with
the topological surface Dirac states of 3D TIs.
In this Letter, the spin texture of three different Dirac
cone states in the system of Bi/Bi2Se3 and Bi/Bi2Te3
are systemically studied. Both first-principles calcula-
tions and SARPES measurements show that the total
spins form an identical helical spin texture for all three
Dirac cones. Furthermore, the orbit-resolved calcula-
tions reveal that s and pz orbits have a clockwise (coun-
terclockwise) spin rotation tangent to the iso-energy
contour of upper (lower) Dirac cone, while px and py
orbits have a radial spin component, in agreement with
recent studies [11, 12]. The atom-resolved calculations
reveal that the Dirac cone states may reside on different
atomic layers, but their spin texture remains the same.
Our first-principles calculations are carried out in the
framework of generalized gradient approximation with
Perdew-Burke-Ernzerhof functional using the VASP
package [20]. The lattice constants of the substrate
are taken from experiments (a=4.138 Å for Bi2Se3 and
a=4.386 Å for Bi2Te3), and Bi(111) bilayer is strained
to match the substrate lattice parameter. All calcula-
tions are performed with a plane-wave cutoff of 400 eV
on an 11 × 11 × 1 Monkhorst-pack k-point mesh. The
substrate is modeled by a slab of 6 quintuple layer (QL)
Bi2Se3 and Bi2Te3, and the vacuum layers are over 20 Å
thick to ensure decoupling between neighboring slabs.
During structural relaxation, atoms in the lower 4QL
2Figure 1: (a) Bi/Bi2Se3 spectral function projected onto top
Bi bilayer plus upper 2QL Bi2Se3. (b) Percentage contribu-
tion of different atoms to the Dirac cone states marked by
label I, II and III with different colors and symbols in (a).
Upper (lower) denotes upper (lower) Dirac cone states and
the atomic layer index is shown in (c). (c) Atomic struc-
ture of the optimized Bi/Bi2Se3. Bi bilayer and upper 3QL
Bi2Se3 are labeled with numbers to denote their atomic layer
index. (d) and (e) Orbit-resolved spin textures of the iso-
energy contour Dirac cone state at the energy marked by
label I and II in (a).
substrate are fixed in their respective bulk positions,
and Bi bilayer and upper 2QL of substrate are allowed
to relax until the forces are smaller than 0.01 eV/Å.
First, we take a look at the Bi/Bi2Se3, where both in-
trinsic and extrinsic Dirac cone states coexist[14]. Fig-
ure 1(a) shows the spectral function of Bi/Bi2Se3 pro-
jected onto Bi bilayer plus top 2QL of Bi2Se3. One
sees two Dirac cones at the Γ point, one below and the
other near the Fermi level. To reveal the origin of these
two Dirac cones, we plot their real-space distribution
by choosing three data points from upper and lower
Dirac cones, as marked by I, II and III in Fig. 1(a).
The corresponding momenta are -0.02, -0.02 and -0.01
Å−1 for I, II and III states, respectively. The atom-
projected state components are shown in Fig. 1(b),
with the atomic layer indexes labeled in Fig. 1(c). The
Dirac cone states below the Fermi level come almost
completely from the substrate with little contribution
from Bi bilayer (Fig. 1(b), top panel). This indicates
that it is an intrinsic Dirac cone of Bi2Se3. The Dirac
cone states near the Fermi level come predominantly
from the top Bi bilayer, having little substrate contri-
bution (see Fig. 1(b), two bottom panels). This in-
dicates that it is an extrinsic Dirac cone generated by
the Rashba splitting of Bi bilayer bands, as discussed
before [14, 18]. Additionally, we note that due to in-
Figure 2: (a) Bi/Bi2Te3 spectral function projected onto
top Bi bilayer plus upper 1QL Bi2Te3. (b) Percentage con-
tribution of different atoms to the Dirac cone states marked
by label I, II and III with different colors and symbols in
(a). (c) Orbit-resolved spin textures of the iso-energy con-
tour Dirac cone state at the energy marked by label II in
(a). The scaling factor of the arrow length is the same to
that in Fig. 1.
terfacial interaction with the Bi bilayer, the intrinsic
surface Dirac cone has a wide real-space distribution in
the 2nd and 3rd QL (Fig. 1(b), top panel) that peaks
at the boundary between the 1st and 2nd, and the 2nd
and 3rd QL (i.e., the 7th and 8th, and 12th and 13th
atomic layer as seen in Fig. 1(c)). This is different
from the surface Dirac cone of bare Bi2Se3 that decays
from the 1st and 2nd QL [21]. The Bi bilayer pushes
down and broadens the surface states of Bi2Se3. This
is consistent with the recent findings by Wu et al. that
the vertical location of surface Dirac cone state of a 3D
TI can be tuned by depositing a layer of conventional
insulator [22].
Although the two Dirac cones in Fig. 1(a) have dif-
ferent physical origins, their spin textures are found to
be the same. The total and orbit-resolved spin textures
along the iso-energy contour at the energy marked by I
(intrinsic Bi2Se3 Dirac cone) and II (extrinsic Bi Dirac
cone) are shown in Fig. 1(d) and (e), respectively. The
total spins of both Dirac cones are oriented clockwise
(counterclockwise) in upper (lower) Dirac cone. s and
pz orbits have the same helical spin texture as the total
spin, but px and py orbits have a different spin texture
with additional radial spin component, pointing toward
opposite directions along the 135◦ or (45◦) axis. In ad-
dition, px orbit spin texture in upper (lower) Dirac cone
is same as py orbit spin texture in lower (upper) Dirac
cone. These in-plane p orbit spin textures are consistent
with the theoretical model prediction by Zhang et al.
[11]. We note that although both px and py orbit spins
have radial components, their summation, px+py orbit
spins is helical becoming tangent to iso-energy contour,
albeit they are orientated counterclockwise in both up-
per and lower Dirac cones. The total helical in-plane
p orbit spins with the same orientation in the upper
and lower Dirac cones have been recently experimen-
3Figure 3: (a)Spin-integrated ARPES spectra of Bi/Bi2Se3 and (b) Bi/Bi2Te3. The dashed blue and yellow lines show the
position of the intrinsic and extrinsic Dirac cones. Experimentally, the relative intensity of two Dirac cones can be tuned by
incident photon energy. (c) and (d) The experimental momentum dependent spin polarization and fitting data of Bi/Bi2Se3
and Bi/Bi2Te3. (e) and (f) Spin textures of intrinsic, extrinsic Dirac cones and hybridized Dirac cone. The images in (f)
are the constant energy contours of ARPES intensity.
tally observed in the Bi2Se3 surface Dirac cones[13].
The only difference between the spin textures of intrin-
sic and extrinsic Dirac cones is the spin magnitude. For
the intrinsic Dirac cone, the amplitude of s, px and py
orbit spins are negligible, and the magnitude of pz or-
bit spin is the largest. While for the extrinsic Dirac
cone, the amplitude of s orbit spin is negligible, and
the magnitude of three p orbit spins are comparable to
each other.
Next, we turn to the Bi/Bi2Te3 where hybridized
Dirac cone states arise[14]. Figure 2(a) shows the spec-
tral function of Bi/Bi2Te3 projected onto Bi bilayer plus
upper 1QL Bi2Te3. There appears only one Dirac cone
at the Γ point below Fermi level. Similar to the case
of Bi/Bi2Se3, three groups of data points are chosen
around this Dirac cone, as marked by I, II and III in
Fig. 2(a). The corresponding momenta are -0.03, -0.02
and -0.01 Å−1 for I, II and III states, respectively. The
atom-projected components of these states are shown
in Fig. 2(b), and the atomic layer indexes are the
same as those shown in Fig. 1(c). One major differ-
ence from Bi/Bi2Se3 is that the only one Dirac state
in Bi/Bi2Te3 has sizable contributions from both Bi bi-
layer and Bi2Te3 substrate, as clearly seen from Fig.
2(b). This indicates that it is a hybridized Dirac state
between the intrinsic surface Dirac state of Bi2Te3 and
the extrinsic Rashba Dirac state of Bi bilayer. A previ-
ous study has further shown another interesting point
that such hybridization might enhance many-body in-
teraction within the Dirac states[14]. Figure 2(b) also
shows that the hybridization in upper Dirac cone is
stronger than that in lower Dirac cone. Moving away
from the Dirac point (Form III to I), the components of
the Bi bilayer (Bi2Te3 substrate) decreases (increases)
in upper Dirac cone, but they show little change in lower
Dirac cone. The substrate contribution to the Dirac
cone is not localized in the 1st QL but between the 1st
and 2nd QL (i.e., the 6th to 9th atomic layer as seen in
Fig. 1(c)). This is because the surface state is pushed
slightly away from the Bi/Bi2Te3 interface compared to
the bare Bi2Te3 surface state [8]. After confirming the
hybridized nature of the Dirac cone state in Bi/Bi2Te3,
its spin textures along the iso-energy contour at the en-
ergy marked by label II are shown in Fig. 2(d). The to-
tal and orbit-resolved spin textures of hybridized Dirac
cone are the same as those in the intrinsic and extrinsic
Dirac cones of the Bi/Bi2Se3 system. s and pz orbits
have a helical spin texture, while px and py orbits have
a non-helical radial spin component.
We can conclude from the above calculation results
several common features for the three different Dirac
cone states. (1) The total spins have a helical spin
texture, which is clockwise (counterclockwise) in up-
per (lower) Dirac cone. (2) s and pz orbit spins have
the same texture as to the total spins. (3) px and py
orbit spins have a radial spin component individually,
but their sum becomes helical. (4) The substrate sur-
face state is pushed down away from the 1st QL by the
presence of an overlayer of Bi bilayer.
To support our first-principles calculations, we have
4measured the total spin textures of these Dirac cone
states in the Bi/Bi2Se3 and Bi/Bi2Te3 systems by
SARPES. The method for epitaxially growing high
quality Bi/Bi2Te3 and Bi/Bi2Se3 samples are same to
our previous works [14, 19]. SARPES measurements
were performed at the SIS beam line at the Swiss Light
Source using the COPHEE spectrometer with a single
40 kV classical Mott detector. The typical energy and
momentum resolution was 50 meV and 3% of the surface
Brillouin zone at SIS. All the measurements were car-
ried out at 30K in ultrahigh vacuum with a base pres-
sure better than 1 × 10−10 torr. Proper measurement
geometries were used to minimize SARPES matrix ele-
ments effects. For Bi/Bi2Se3 system, though there are
two Dirac cone states, experimentally we tune the rel-
ative spectra intensity by using different photon ener-
gies. As shown in Fig. 3(a), the intrinsic Dirac cone
from Bi2Se3 was observed clearly with photon energy
of 20eV and the extrinsic Dirac Con from Bi bilayer was
detected with photon energy of 40eV.
Figure 3(a) shows the spin-integrated ARPES spec-
tra of Bi/Bi2Se3 along K-Γ-K and K-M-K directions,
in which one can see both intrinsic and extrinsic
Dirac cones. In the SARPES measurements, two spin-
resolved momentum distribution curves (MDC) were
taken (cut1 and cut2, as shown by the horizontal dashed
lines in Fig. 3(a)). Cut1 is at 220 meV below the Fermi
level to study the intrinsic Dirac cone, and cut2 is at 180
meV below the Fermi level to study the extrinsic Dirac
cone. The spin polarization is extracted by using the
the two-step fitting routine of SARPES data[3, 23, 24].
The momentum dependent spin polarization and fitting
data are shown in Fig. 3(c), from which we extract the
spin textures. Figure 3(e) presents the spin textures
of intrinsic and extrinsic Dirac cones, which is clock-
wise in upper intrinsic Dirac cone and counterclockwise
in lower extrinsic Dirac cone. For both Dirac cone,
spins are nearly in-plane polarized. Figure 3(b) shows
the spin-integrated ARPES spectra of Bi/Bi2Te3 along
K-Γ-K direction, in which one can see the hybridized
Dirac cone. Similar to the SARPES measurement for
Bi/Bi2Se3, we also take two MDC cuts (cut3 and cut4),
as shown by the dashed lines in Fig. 3(c). Cut3 (cut4) is
taken at 150 (350) meV below the Fermi level, slightly
above (below) the hybridized Dirac cone. The polar-
ization and fitting data are shown in Fig. 3(d). As
shown in Fig. 3(f), the spin texture is clockwise and
counterclockwise in upper and lower Dirac cone, re-
spectively. Thus, our SARPES measurements directly
identify that all three Dirac cones have the same helical
spin textures, independent of topology, consistent with
our first-principles calculations.
Lastly, we present additional first-principles calcula-
tions to show the orbit- and atom-resolved spin tex-
tures of the Dirac cone states. Here, we will focus on
the top two Bi atoms. Overall, except the spin mag-
nitude, the atom-resolved spin textures have the same
structure compared to the spin textures by adding all
atoms together, as shown in Fig. 4. However, from
the atom projection, we can obtain some detailed lo-
Figure 4: Atom- and orbit-resolved spin textures of the iso-
energy contour Dirac cone state at the energy marked by
label II in Fig. 1(a) and Fig. 2(a). (a) and (b) are the
spin textures of the first (Bi-1) and second (Bi-2) atom in
Bi/Bi2Se3. (c) and (d) are the spin textures of the first (Bi-
1) and second (Bi-2) atom in Bi/Bi2Te3. The scaling factor
of the arrow length is twice of that in Fig. 1.
cal information of spin texture by considering the spin
magnitude difference. Figure 4(a) and (b) are the spin
textures of extrinsic Dirac cone projected onto the top
two Bi atoms of Bi/Bi2Se3. We can see that the spin
magnitude is very different between the two Bi atoms.
For the Bi-1 atom, pz orbit spin has the largest mag-
nitude, while s, px and py orbit spins are negligible.
But for the Bi-2 atom, px and py orbit spins have the
largest magnitude, while s and pz orbit spins are neg-
ligible. Figure 4(c) and (d) are the spin textures of
hybridized Dirac cone projected onto the top two Bi
atoms of Bi/Bi2Te3. The atom-resolved spin textures
of hybridized Dirac cone are the same to those in the
extrinsic Dirac cone. We have also checked the atom-
resolved spin textures for the intrinsic Dirac cone, which
are again the same.
In summary, we have identified the helical spin tex-
tures for three different Dirac cone states in the inter-
faced systems of Bi/Bi2Se3 and Bi/Bi2Te3, from first-
principles calculations and experiments. We confirm
the recent theory [11] and experiment [12] that the spin
texture of intrinsic surface Dirac cone states of 3D TIs
is coupled with orbit, resulting in an overall spin-orbit
texture. Characteristically, s and pz orbits have the
conventional helical spin texture; px and py orbits show
individually radial spin component, while the sum of
the two shows a total in-plane helical spins. We further
show that the same spin texture is also applicable to
the extrinsic Rashba Dirac cone states of Bi(111) bi-
layer on a substrate as well as to the hybridized Dirac
cone states between a TI surface state and a thin-film
5Rashba state. Therefore, we suggest that the unique
spin-orbit texture of helical Dirac states is pertained to
SOC, but not necessarily to TIs.
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